Porcine circoviruses (PCVs) type 1 (PCV1) and type 2 (PCV2) show high levels of nucleotide similarity, but PCV1 is considered nonpathogenic and PCV2 has been associated with several disease outcomes in pigs, mainly postweaning multisystemic wasting syndrome (PMWS). After exploring different topologies of the origin of PCVs, it was concluded that PCV1 and PCV2 seem to have a common origin. On the other hand, PCV2 could be divided into two groups (1 and 2) and eight clusters (1A to 1C and 2A to 2E), but none of those was apparently associated with disease status or geographic area. When phylogenetic trees constructed with the whole PCV2 genome, the cap or the rep genes were compared, some incongruence was identified. The possible existence of recombination was evaluated and cluster 1B was found to have a possible recombinant origin. Selective pressure was detected in all parts of the PCV2 genome, especially in the rep gene. Finally, the cap gene was the more suitable phylogenetic and epidemiological marker for PCV2, despite the fact that the virus can undergo recombination mainly within the first part of the rep region.
Introduction
Two porcine circoviruses (PCVs), from the Circoviridae family, have been described to date, namely porcine circovirus type 1 (PCV1) and type 2 (PCV2) (Allan et al., 1999b) . PCVs are the smallest animal viruses known; PCV2 has a 1768 nucleotide genome of circular, single stranded DNA, and the genome of PCV1 is even shorter, with 1759 nucleotides (Hamel et al., 1998; Meehan et al., 1998) . Although PCVs are closely related, PCV1 is considered non-pathogenic (Allan et al., 1994; Tischer et al., 1986 ) while PCV2 has been described as the necessary infectious factor, although not proven as the sole factor, to develop postweaning multisystemic wasting syndrome (PMWS) (Allan et al., 1999a; Krakowka et al., 2001) . PMWS is clinically suspected in outbreaks of respiratory clinical signs and wasting in pigs and pathologically characterized by lymphocyte depletion and granulomatous inflammation of lymphoid tissues (Rosell et al., 1999) . PCV2 has also been related to a number of disease syndromes in pigs (Segales et al., 2004) ; the terminology porcine circovirus diseases (PCVD) was proposed to include those conditions that had been linked with PCV2 infection (Allan et al., 2002) . Even though PCV1 and PCV2 seem to be very different from a pathogenic point of view, both viruses are very similar at the genomic level since they have about 80% overall nucleotide sequence identity (Hamel et al., 1998; Mankertz et al., 2000; Meehan et al., 1998) . The possibility of these PCVs having a common antecessor or one deriving from the other has never been explored.
From the first described PCV2 sequence by Hamel et al. (1998 ) until September 2005 to 150 PCV2 complete genomes have been submitted to the GenBank nucleotide database at the National Center for Biotechnology Information, NCBI (http://www.ncbi.nlm.nih.gov). Despite the high number of sequences available from GenBank, no extensive phylogenetic studies have been performed; this is probably due to the high level of homology (≥ 94%) between PCV2 genomes (Larochelle et al., 2002; Mankertz et al., 2000; Meehan et al., 2001 ). This high level of similarity between genomes could theoretically prevent the detection of significant differences among strains. Moreover, both PCVs genomes show the typical organization of the Circoviridae family, with a replicase (rep) gene in the sense strand and a capsid (cap) gene in the antisense strand (Cheung, 2003a; Mankertz et al., 2004) . Furthermore, the rep gene has a splicing alternative rep′, in which the central part of rep (378 nucleotides) is eliminated as an intron (Cheung, 2003b; Mankertz and Hillenbrand, 2001) .
To date, several genotyping studies on PCV2 have been published (De Boisseson et al., 2004; Grierson et al., 2004a Grierson et al., , 2004b Larochelle et al., 2002; Wen et al., 2005) , but no evaluation of the utility of the cap and the rep genes as molecular markers or assessment of potential PCV2 clonality have been undertaken. Furthermore, phylogenetic and evolutionary studies are of increasing importance in molecular epidemiological studies on viral and bacterial pathogens.
Therefore, the main objectives of the present study were (i) to determine the ancestral status of PCV1 or PCV2 within the Circorviridae family; (ii) to find out clonal relationships among PCV2 complete genomes; and (iii) to evaluate the capsid (cap) and replicase (rep) genes as phylogenetic and epidemiological markers for PCV2.
Results

Ancestral status
All phylogenetic trees pointed to the same topology among the assayed Circoviridae family sequences. Three main monophylethic lineages supported by high bootstrap values were differentiated: one for Beak and Feather Disease Virus grouped with Columbid, Starling and Canary Circoviruses, another for Duck, Mallard Duck, Muscovy Duck and Goose Circoviruses and a monophyletic branch for PCVs separated from avian circoviruses. Both PCV types were also clearly separated into two different monophyletic clusters (Fig. 1) . After evaluation of the six proposed topologies based on the maximum likelihood, maximum parsimony and minimum evolution criteria, loglikelihoods, SBL and the number of steps all undoubtedly pointed to the dichotomy topology as the best tree. These results suggest a common origin as the most reliable possibility for PCVs (data not shown).
Genome variation and utility of PCV2 sequences
Saturation effects in the whole genome and for the first, second and third codon positions of the cap and rep genes data sets were evaluated. In all cases, the number of observed transversions relative to that of transitions gradually decreased with increasing divergence; moreover, data sets followed a line, not a curve, indicating that transitions and transversions were not saturated and that they can be used in phylogenetic reconstructions. In addition, Xia's test supported little saturation for all data sets.
From 148 PCV2 genomes, 479 out of 1768 nucleotide sites were variable, with 604 mutations detected: 330 transitions, 272 transversions and 2 indels. From these mutations, 252 were detected in the cap gene and 238 in the rep gene. As expected, both genes presented a biased pattern of mutation, as indicated by low gamma parameters (α Cap = 0.33, α Rep = 0.33, α Genome = 0.21); third codon positions showed more variable sites (171) than the first (121) and second ones (100). Fig. 2 . Phylogenetic tree based on the NJ method for the 148 PCV2 sequences plus 2 outgroups used in the study. Numbers along the branches refer to the percentages of confidence in the ML, MP and NJ analyses. Sequences included in each cluster are listed in Appendix B.
Phylogenetic relationships among PCV2 sequences
A NJ tree for PCV2 genomes with confidence values for ML, MP and NJ methods is shown in Fig. 2 . All three algorithms reported congruent results, and the groupings were supported by moderate to high confidence values. Sequences could be divided into two main groups: group 1, which was further subdivided in 3 clusters (1A to 1C), and group 2, subdivided in 5 clusters (2A to 2E). Three PCV2 sequences remained unclustered in group 2, two of which were in the same branch (supported by moderate confidence values). The average distance within groups 1 and 2 was 0.0158 and 0.0234, respectively, and it was 0.0444 between groups. Within clusters, the average distances ranged from 0.005 for cluster 1A to 0.023 for cluster 2D; between clusters, those distances ranged from 0.015 (cluster 1A vs 1B) to 0.049 (cluster 1C vs 2E). Groups were defined by 52 marker positions, the distribution of which was highly skewed: 33 located in the cap gene, 13 in the rep gene and 6 in the rest of the genome (indel, cap and rep genes marker positions are indicated in Table 1 ). In addition, an indel position just after the stop codon of the cap gene (genome position 1033, Table 1 ) differentiated PCV2 genomes of group 2 (1768 nucleotides) from those of group 1 (1767 nucleotides). The genome size was very consistent for each group, and the few disagreements (two out of 148) were attributed to indel positions inside one of the two ORFs. Moreover, cluster 1C was characterized by another indel position in the last codon of the cap gene (genome position 1036), changing the reading frame. This cap gene finished one codon further in another stop codon, being one lysine longer (Table 1) .
No discrepancy in the definition of groups and clusters was observed comparing the three phylogenetic methods assayed between the cap gene and the whole PCV2 genome. Nevertheless, partial trees based on the rep gene presented some incongruence compared with the cap and the complete genome trees. Several genomes (n = 22), belonging to clusters 1B and 1C, were grouped into group 1 based on the whole genome and the cap gene. Surprisingly, those genomes were grouped into group 2 with the rep gene. It is noteworthy that this feature was reported in all phylogenetic reconstructions.
Recombination analysis
After running the RDP software, 4685 potential recombination events were detected. Considering only statistically significant events reported by more than one algorithm, possible recombination events between cluster 1A and sequences belonging to different clusters of group 2 were consistently reported. All PCV2 genomes from cluster 1B were found to be daughter genomes of recombination events that are listed in Fig.  3 . In order to summarize the results, only the cluster of the parent genomes was reported and putative breakpoints (BP) were grouped in 11 areas. Clusters 1A and 2D were mainly identified as the major and minor parents. Nevertheless, clusters 1C, 2B and 2A were occasionally reported as minor parents. Supporting this, a close inspection of marker positions showed that cluster 1B had the same marker positions as cluster 1A Table 1 Indel, cap and rep gene marker positions are summarized in this table indicating except for rep gene up to marker position 501 (Table 1) . At the beginning of the rep gene, this cluster showed the same marker positions as group 2. No recombination events pointing to the same direction were detected for cluster 1C genomes. Looking at the marker positions, cluster 1C had the same marker positions as group 2 PCV2 genomes in the rep gene, but it had different marker positions in the cap gene, where those were more abundant. Furthermore, putative beginning BP were placed at the beginning of the cap gene (BP5), the region adjacent to the origin of replication (BP1), the repeat region (BP2) and the beginning of the rep gene until position 167 (BP3 and BP4) as annotated for the PCV2-B genome (Accession Number AF112862). Possible ending BP were found between positions 167 and 963 of the rep gene or at the ending of the cap gene (Fig. 3) . Only one putative beginning and one putative ending BP were reported by five algorithms. The putative recombination beginning BP was BP1, between positions 42 and 89, at the beginning of the rep gene. The best supported putative ending BP was BP3 between positions 389 and 429; curiously this region includes the splice donor for the rep′ transcript (Mankertz and Hillenbrand, 2001 ). This result points to the first part of the rep gene, corresponding to the first exon of the rep′ transcript, which has the most likely recombinant region. Potential recombination beginning BP were concentrated at the origin region and the beginning of the rep gene while the putative recombination ending BP were spread over a wide part of the rep gene, more precisely the intron and the second exon of the rep′ transcript until the cap gene. Finally, position 167 was detected as a BP by four algorithms, although it could be a beginning as well as an ending region.
Selective pressure
In the difference between non-synonymous and synonymous substitution rates (dN − dS) for the whole genome, the cap and the rep genes were all negative (− 0.0174 ± 0.0053, − 0.0744 ± 0.0144 and − 0.0604 ± 0.0097, respectively), indicating that the PCV2 genome was under purifying selection. In order to identify regions under strong negative selection, the dN − dS for every codon was plotted against the amino acid entropy, at the same point, for both cap and rep genes (Fig. 4) . As already said before, the rep gene has a splicing alternative, rep′, and it was Fig. 4 . Difference between non-synonymous and synonymous rates (dN − dS) and amino acid entropy rates plot for the replicase and the capsid. For the replicase gene, the three regions are indicated. For the capsid gene, the variable amino acid for each cluster is also indicated. Amino acid changes corresponding to a marker position are highlighted in gray. divided into three regions. Region 1 corresponded to the common part of the rep and rep′ transcripts; region 2 was the intron eliminated by splicing to create the rep′ transcript; and region 3 was the final fragment of rep and rep′. The latter region is translated in different reading frames for rep and rep′ (Mankertz et al., 2004; Mankertz and Hillenbrand, 2002) . The gamma parameters for those three regions were clearly different (0.19, 0.32 and 97.03), indicating a highly skewed substitution pattern for the first two regions and a more uniform substitution pattern for the last one. The cap gene was divided in immunogenic and not immunogenic regions, based on four antigenic domains or epitopes already defined by the experiments performed by Lekcharoensuk et al. (2004) and Mahe et al. (2000) (Fig. 3) . Most amino acid positions in all epitopes were under neutral selection. Amino acid positions under selection in epitopes A and B showed more amino acid positions under positive selection (10 and 6 respectively) than under negative selection (6 and 5 respectively). Besides, in epitope C, almost all amino acid positions were under negative selection (16). Finally, one amino acid position was neutral, one positively selected and one negatively selected in epitope D, which was one amino acid longer in cluster C. The region between epitopes was mainly under neutral selection. Curiously, five amino acid positions adjacent to epitope A were positively selected. As said above, few amino acid changes were detected inside the epitopes: 11 out of 37 in epitope A, 7 out of 26 in epitope B, 4 out of 35 in epitope C and 2 out of 4 in epitope D. It has to be pointed out that four of those amino acid changes (two in epitope A, one in epitope C and one in epitope D) were associated with marker positions (Fig. 3) .
Discussion
PCVs are very small animal viruses, with single stranded DNA genomes of less than 2 kb, which show a high level of homology despite their apparently different pathogenicity (Allan et al., 1995) . PCV1 is the only non-pathogenic member of the Circoviridae family (Allan et al., 1995; Tischer et al., 1986) , while PCV2 is involved in the PCVD (Allan et al., 2002) . The high degree of similarity between PCVs raised the question about their origin and the possibility of PCV1 derived from an ancestral pathogenic PCV type or PCV2 derived from a non-pathogenic ancestor. Unfortunately, with the sequences used in this study, an ancestral status for PCVs could not be established and topological evaluations gave support to a common origin for both types.
The lowest identity reported in this study between two PCV2 genomes was 0.93. This high sequence homology probably discouraged detailed phylogenetic studies in the past in order to find clonal lineages among PCV2 genomes. Nevertheless, phylogenetic analysis of the genome clearly indicated that PCV2 sequences can be divided into two major groups, with several clusters into each one. Both PCV2 groups were homogeneous and several marker positions, mainly located in the cap gene, were identified. Furthermore, both groups showed differences in two indel positions and, as a consequence, genomes in group 1 and in group 2 differed in length by one nucleotide. Unfortunately, no correlation regarding groups and health status could be performed, although this is probably due to the lack of this information in some genome submissions. Furthermore, no relationship between group and country of isolation could be defined. Only a relationship between group and year of submission was found (data not shown); however, it is known that a genome sequence can be published a long time after detection. Genomes of group 1 were mainly published in NCBI after 2003 (87 out of 94) and genomes of group 2 were mainly published before 2003 (33 out of 53), indicating that group 1 could be more recent than group 2.
In the comparison among phylogenetic trees constructed with the whole PCV2 genome, the cap and rep genes indicated a minor incongruence regarding clusters 1B and 1C. One possible explanation for this incongruence is the potential existence of recombination events involving genomes from both PCV2 groups. However, only cluster 1B was clearly identified as having undergone recombination. In the six genomes included in this cluster, recombination events were detected in five out of the six algorithms used, indicating the strength of this observation. These results indicate that genomes owning to cluster 1B are the product of a recombination event between a genome of cluster 1A as the major parent and a genome of group 2 (most probably belonging to cluster 2D) as the minor parent. The best supported recombinant region was the genome fragment between the beginning of the rep gene (BP3) and the splicing donor for rep′ (BP6) including region 1 of the rep gene, the first exon of the rep′ transcript. Putative recombinant ending BP were diffused in a wide part of the PCV2 genome; the latter is probably due to the high level of conservation of regions 2 and 3 of the rep gene complicating the determination of an ending BP.
Furthermore, our results showed that the whole PCV2 genome, the rep and the cap genes were under purifying selection, as indicated by the negative dN − dS values (Nei, 2000) . Looking at the codon selection pressure for both genes, the rep gene was highly conserved; in contrast, the cap gene showed a variety of positively and negatively selected positions. These findings were additionally supported by a low number of marker positions (33 vs 13), and a high proportion of mutations detected in single sequences (65% vs 45%) in the rep gene compared with the cap gene. Interestingly, very few mutational changes were detected in regions 2 and 3 of the rep gene. These differences could be caused by both neutral selection or, most likely, by a very strong purifying selection. Moreover, region 2 is probably limited in sequence changes, not only by the selection on the amino acid sequence, but also by its implication in a splicing process. Furthermore, the promoter of the cap gene (P cap ) has also been mapped in this region for PCV1, more exactly among nucleotide positions 431 and 507 (Mankertz and Hillenbrand, 2002) . In region 3, splicing results in the utilization of an alternative reading frame for rep′ compared with rep (Cheung, 2004; Mankertz and Hillenbrand, 2001) . Probably this frame shift between rep and rep′ in region 3 is affecting the usual degeneration of the genetic code, which allows the third codon position to have more changes than the other two. This is corroborated by an unusually high value of the gamma parameter (97.03) for this region, indicating a homogeneous pattern of nucleotide substitution in region 3, unlike the other two rep gene regions. The high selective pressure on this region of the genome could also be an explanation to the high level of conservation inside PCV2. This virus genome is a circular molecule, and the selection on one region can drag a whole genome due to a hitch-hiking effect (Barton, 2000) .
The selective pressure on the cap gene was of special interest since it is the most exposed part of the virus and is the most likely to interact with the host immune system (Roitt and Male, 1998) . As stated before, this gene shows several positions under positive selection and more amino acid changes than in the rep gene are possible. In some viruses, epitopes are under positive selection since they are submitted to high immunologic pressure and have a high rate of amino acid changes to evade the immune response (Grenfell et al., 2004) . In PCV2, epitope amino acid sequences showed little variable positions although the four proposed epitopes concentrated the majority of the variation of the cap gene. Controversially, epitopes A and B had more positively selected positions, but epitope C was mainly under negative selection. In fact, no high rate of amino acid replacement was found, indicating no clear immunological selection (Grenfell et al., 2004) . Interestingly, four marker positions that lead to amino acid changes were in one of the four epitopes and, in cluster C, the epitope D is one lysine longer. This is of special interest and could be indicative of potential immunogenic differences among strains from different groups or clusters.
As a whole, we consider that the cap gene is a reliable phylogenetic marker for PCV2 strains since it was able to reconstruct the same tree as the whole viral genome. This is because the cap gene is under less selective pressure compared with the rep gene, accumulating much more variability, and it probably weighs more in the phylogenetic tree reconstructions. The effects of recombination seem to be limited to the first region of the rep gene, having little impact on the phylogenetic reconstructions performed using the cap gene. Furthermore, since the cap gene is shorter, it would be a more suitable molecular marker for epidemiological and phylogenetic studies since its sequencing is less labor extensive than the sequencing of the whole genome. Furthermore, the use of gene sequences in epidemiological studies is of special interest since they are easy to share among laboratories (Foxman et al., 2005) .
In conclusion, PCV1 and PCV2 seem to have a common origin. PCV2 genomes can be divided in different clonal lineages (2 groups and 8 clusters), although the possible existence of virulence or immunogenic differences between strains has to be further studied. Finally, the cap gene is a suitable phylogenetic and epidemiological marker since it was not affected by recombination, in contrast to the rep gene.
Materials and methods
Ancestral status of PCVs
Twenty complete genomes of different animal circoviruses available in GenBank (http://www.ncbi.nlm.nih.gov) were used. Five PCV2 and five PCV1 genomes randomly selected were aligned with representatives of the other members of the Circoviridae family, including Goose Circovirus, Canary Circovirus, Beak and Feather Disease Virus and yet unclassified circoviruses (Columbid Circovirus, Duck Circovirus, Mulard Duck Circovirus, Muscovy Duck Circovirus and Starling Circovirus) (Appendix A). To determine the ancestral status of PCV1 or PCV2 within the Circorviridae family, six alternative topologies were constructed considering the initial divergence of PCV1 sequences (two topologies), the initial divergence of the PCV2 sequences (three topologies) and a final topology considering a dichotomy between PCV1 and PCV2 groups of sequences. These six topologies were tested using minimum evolution, maximum likelihood and parsimony criteria. Initially, topologies were tested by the modified Kishino and Hasegawa test (Shimodaira, 1999) , computing the log-likelihoods per site for each tree and comparing the total log-likelihoods among topologies. Secondly, the sum of branch lengths (SBL) for each proposed topology was computed. Under the minimum evolution criteria, the topology with the smallest SBL was considered the best phylogenetic tree. Finally, the number of steps for each topology was computed, and the one that required the smallest number of steps was chosen to be the best phylogenetic tree.
PCV2 genome sequence data set
The one hundred and forty-eight PCV2 and two PCV1 complete genomes (for rooting purposes) present at the NCBI nucleotide database (http://www.ncbi.nlm.nih.gov) in September 2005 were used to study the clonality of PCV2 and the utility of cap and rep genes as potential epidemiological markers. All sequences were downloaded, linearized at the same point and aligned with the annotated genome sequence for PCV2-B (Accession Number AF112862, (Hamel et al., 2000) ). NCBI accession numbers of the sequences used in this study are listed in Appendix B. Utility of cap and rep genes was studied only with 137 genomes by deleting eleven sequences containing indel positions in any of the two ORFs (Appendix B) from the database. Those indel positions moved the reading frame, making the comparison among amino acid sequences difficult.
Phylogenetic utility of PCV2 sequences
The loss of phylogenetic information due to substitution saturation in the PCV2 genome was evaluated. The level of saturation was studied by plotting the pairwise number of observed transitions and transversions versus genetic distance. In addition, substitution saturation was evaluated with Xia et al.'s (2003) test. Both analyses were done for the entire genome, the rep and the cap genes, as well as for the first, second and third positions of the codons for both genes separately; all these studies were performed using the DAMBE program (Xia and Xie, 2001 ).
Phylogenetic analyses of PCV2 sequences
Phylogenetic relationships among sequences were analyzed by parsimony and nucleotide distance methods. Firstly, the heuristic search option of PAUP 4.0.b (Swofford, 1998) , considering a single stepwise addition procedure and a tree bisection-reconnection (TBR = 100) branch swapping algorithm, was used for unweighted maximum parsimony analysis (MP). A majority rule consensus tree was then generated from the 100 most parsimonious trees found in each of the 1000 bootstrap replicates of the analysis. Secondly, we computed a nucleotide distance matrix between sequences to infer phylogenies by a Neighbor-Joining (NJ) and a Maximum Likelihood (ML) trees using respectively MEGA 2.1 (Kumar et al., 2001 ) and TreePuzzle 5.0 (Schmidt et al., 2002) . Confidence in the NJ tree was estimated by 1000 bootstrap replicates. The tree search quartet puzzling algorithm directly assigned estimations of support to each internal branch of the ML tree. Sequences were compared using the gamma Tamura-Nei model (Nei, 2000) considering different gamma parameters for the whole PCV2 genome, the rep and the cap genes. A phylogenetic tree based on the NJ method with the percentages of confidence in the ML, MP and NJ analyses along the branches is shown in Fig. 2 .
Recombination among PCV2 sequences
To detect putative recombination breakpoints in the PCV2 genome and to identify sequences possibly originated from a recombination event, six methods implemented in the RDP v1.08 program (Martin and Rybicki, 2000) were evaluated (RDP, GeneConv, BootScan, MaxChi, Chimaera and SiScan). The six methods used the following general settings: window size = 20, highest acceptable P value = 0.001 and Bonferroni correction. Only putative recombination events detected by more than one method were considered. In addition, marker positions for the identified clusters were indexed (Table 1) .
Selection pressure on the PCV2 genome
The existence of selective pressures along the genome was assessed first by calculating the difference between nonsynonymous (dN) and synonymous (dS) rates (dN − dS) for the whole genome, the cap and the rep genes by the modified Nei-Gojobori method using MEGA 2.1 software. Furthermore, the amino acid sequence entropy calculated using BioEdit (Hall, 1998) was plotted versus the difference between dN and dS (Fig. 3) . These differences were calculated with the SNAP web utility (http://hiv-web.lanl.gov/content/hiv-db/ SNAP/WEBSNAP/SNAP.html).
